In parallel, ultra-and immunocytochemical studies of the complexes III-IV failed to reveal functional defects. In conclusion there is an age-related increase in the volume fraction of the mitochondria which might reflect subtle changes in the oxidative phosphorylation capacity, but is not linked to mutations of mtDNA or functional defects of the respiratory chain enzymes in mature human oocytes from women of reproductive age.
Introduction
Disturbances of the respiratory chain are a typical feature of mitochondrial disorders. The tissues most often involved are the skeletal muscle and the brain, but other organs, e.g. the kidney and liver, may be affected (Petty et al, 1986; Lombes et al, 1989; Bindoff and Tumbull, 1990; De Vivo, 1993; Di Mauro and Moraes, 1993) .
Over the last few years, molecular genetic studies have revealed that mutations of mitochondrial DNA (mtDNA), i.e. deletions, duplications and point mutations in various tRNAs and also in structural genes play an important role in the pathogenesis of mitochondrial diseases (Shoffner and Wallace, 1990; Harding, 1991; Wallace, 1992; Di Mauro and Wallace, 1993; Ballingeretal., 1994; Schonetal., 1994; Wallace, 1994) .
The mtDNA is a circular molecule of 16.569 nucleotide pairs (np) that codes for the 12S and 16S rRNAs and 22 tRNAs required for mitochondrial protein synthesis, as well as for 13 polypeptides of the respiratory chain in the inner mitochondrial membrane. These polypeptides represent seven subunits (ND1, 2, 3, 4, 4L, 5, 6) of complex I (NADH ubiquinone-oxidoreductase), one subunit (cytb) of complex III (ubiquinone-cytochrome-c-oxidoreductase), three subunits (I, II, III) of complex IV (cytochrome-c-oxidase) and two subunits (6,8) of complex V (ATP synthetase). The genome is compactly organized without introns in the coding regions and uses its own genetic code. However, replication and transcription of mtDNA are exclusively regulated by nuclear factors (Tzagoloff, 1982; Tzagoloff and Myers, 1986; Attardi and Schatz, 1988; Attardi, 1993) .
Cytochrome-c-oxidase (complex IV) is composed of 13 subunits, including the three largest (I-IH) which are encoded by mtDNA. These three subunits are essential for enzyme function because they contain the catalytic centres. The nuclear subunits probably have regulatory functions and are responsible for organ-specific isoenzyme expression (Kadenbach et al., 1987) . Ubiquinone-cytochrome-c-oxidoreductase contains 11 subunits, including the one (apocytochrome b) which is encoded by mtDNA (Wallace, 1992) . Defects involving complex III impair the oxidation of FAD-linked substrates (complex II) and NAD-linked substrates (complex I).
Most interestingly, defects of the respiratory chain are not restricted to mitochondrial diseases but also occur during ageing in normal tissues, especially in permanent tissues such as the skeletal and heart muscles (Cardellach et al., 1989; Trounce et al., 1989; Muller-Hocker, 1989 , 1990 Byrne and Dennett, 1992; Cooper et al., 1992; Muller-Hocker et al., 1992a) , and the brain (Chiu and Richardson, 1980; Itoh et al., 1996) as well as in other tissues, e.g. the liver (Yen et al., 1989) and the parathyroids (Muller-Hocker, 1992b; MullerHocker et al., 1996) . In these tissues, mutations of mitochondrial DNA accumulate with age (Cortopassi and Arnheim,J.Muller-Hocker et al. Soong et al, 1992; Wei, 1992; Zhang et al., 1992 Zhang et al., , 1993 Mtlller-Hocker et al, 1993; MUnscher et al, 1993a,b) , although at a far lower rate in comparison with mitochondrial diseases.
Previously, it has been postulated that mutations of mtDNA might occur during the development of female germ cell production (Linnane et al, 1992) , since the oogonia enter the first stage of meiosis but remain in a resting phase for up to 12-45 years before they proceed to mature and ovulate. Recent molecular genetic studies on ovaries Suganuma et al, 1993) and isolated oocytes (Chen et al, 1995; Keefe et al, 1995) have revealed the presence of the so-called common deletion (4977 bp) of mtDNA.
In these investigations functional studies of the respiratory chain and morphological analysis of the oocytes have not been performed and the functional significance of the mtDNA mutations has remained unclear.
Recent findings indicate that meiotic maturation, fertilization and early cleavage can progress even under reduced levels of cellular ATP. However, grossly normal human embryos may not progress to implantation due to a chronically low ATP content that is first established in the oocyte (van Blerkom et al, 1995) .
Furthermore, a decrease of cytochrome-c-oxidase and succinate dehydrogenase has been reported to occur in the oocytes of older animals, suggesting that infertility of oocytes may be influenced by a decline of cell respiration and electron transport (Narita, 1995) . Therefore, in the present study, isolated human oocytes were analysed for the presence of morphological, functional and molecular genetic alterations of mitochondria in females during the reproductive period.
Materials and methods
Preovulatory oocytes were recovered from 41 females (aged 27-39 years) after stimulation with human gonadotrophin followed by human chorionic gonadotrophin (HCG) as previously described by Strowitzki et al. (1993) . The reason for gamete intra-Fallopian transfer (GIFT) was idiopathic infertility in all cases. In addition, rat heart muscle tissue was studied as control for the immunocytochemical procedures (see below).
Electron microscopy
Oocytes were routinely fixed with glutaraldehyde 6.25%, in Sorensen's phosphate buffer for 2 h, immediately after transfer to the laboratory. This was followed by washing in buffered sucrose solution, postosmification (2%) for 1 h, routine dehydration in acetone and Epon embedding. Ultrathin sections were counter stained with lead citrate and uranyl acetate.
Morphometry
Photographs of ovarian mitochondria were obtained with a Philips EM 300 following a random systematic sampling scheme. Briefly, the area of the oocytes was screened at X 16 000 primary magnification. The first photograph was taken at the periphery of the oocyte and the subsequent fields were equidistantly positioned from each other. Every second field was photographed. One oocyte was analysed from each person. The number of photographs varied between 11-15. Quantitative analyses of the mitochondria were realized by using a PC Highscreen coupled with a digitizing tablet (Cherry) and running the CASES (Computer Assisted Stereological Evaluation System) program. The numerical density of mitochondria was determined following the rule of the unbiased test grid (Gundersen, 1977) . The numerical density (NA) was calculated as the number of mitochondria per u.m 2 . The size of mitochondria was determined using the point counting method (Weis, 1991) . Briefly, a grid of equidistant points was projected onto the photomicrograph. The points hitting a mitochondrion were registered with the CASES system. Since the area equivalent to one test point was known, the profile area of a mitochondrion could be calculated with CASES and was expressed in urn 2 .
The volume fraction (VV) of mitochondria was calculated following the principle of Delesse (Weis, 1991) . The number of points hitting the mitochondria was related to the number of points hitting the reference area of the ovum and was expressed as a percentage. The number of mitochondria/volume unit (N v ) was calculated according to David etal. (1981) as follows: N v = NA 3/2 /VV 1/2 . The morphometric evaluation was performed retrospectively and so sampling schemes for designed-based stereology could not be applied.
The evaluated data were processed on a PC Highscreen using the statistical package SPSS (Statistical Package for the Social Sciences). Correlation and regression analyses were used to assess the effect of age. Two age groups were formed: group 1 consisted of seven patients aged 27-30 years, and group 2 of 29 patients aged 31-39 years. The oocytes from the five remaining patients were used for cytochemical studies only. The non-parametric Mann-Whitney £/-test was used to compare the groups.
Ultracytochemistry
Cytochrome-c-oxidase was studied at the ultrastructural level on five oocytes obtained from five woman as previously described (MUllerHdcker and Schafer, 1996) . Briefly, the oocytes were incubated in a dark room for 2 h at room temperature in the incubation medium: 150 mg diaminobenzidine (DAB) in 0.1 M Tris 10 ml, adjusted to pH 8.5 and distilled water added to reach 50 ml total volume. This was followed by post-fixation in glutaraldehyde 3%, in Sorensen's phosphate buffer, post-osmification 1 % in Sorensen's phosphate buffer and routine Epon embedding.
Immunocytochemistry
Immunocytochemistry was performed for the detection of ubiquinonecytochrome-c-oxidoreductase (complex III) and cytochrome-coxidase (complex IV). Immunohistochemistry of complex HI was performed with a polyclonal antibody raised in rabbits against the total enzyme protein. Western blot analysis revealed that the antiserum reacted both with nuclear and mitochondrial subunits.
Subunit-specific polyclonal antisera were raised in rabbits against the mitochondrially derived subunits II/I1I and nuclear subunit Vab of cytochrome-c-oxidase. Immunohistochemistry was carried out on seven oocytes obtained from five women (aged 25-35 years) fixed in 4% paraformaldehyde with 0.1% glutaraldehyde in Sorensen's phosphate buffer. Semithin and ultrathin sections were obtained after embedding in Lowicryl K4M.
After a wash in phosphate-buffered saline (PBS, 10 mM phosphate buffer 150 mM NaCl, pH 7.4) for 5 min and treatment with normal goat serum 5% in PBS with 5% bovine serum albumin (BSA) for 30 min, the primary antibody (diluted in PBS plus 0.1% BSA) was applied overnight in a moist chamber at 4°C. After a wash step, visualization of the immunoreaction was performed with Immunogold (1:50 Aurion, Wageningen, The Netherlands) in PBS with 0.1% BSA for 4 h and silver enhancement (Mtiller-Hccker and Schafer, 1996) .
As a control, immunohistochemistry of cytochrome-c-oxidase was also performed on similarly treated rat heart muscle tissue.
Molecular genetic studies
These analyses were performed on 14 oocytes obtained from females aged 27-36 years which had been cryopreserved at -72°C in Ham's F10 medium (rapid freezing technique). Analysis was carried out for the detection of both the common deletion (4.977 bp at np 8.482-13.460) and the point mutations in tRNA Uu(UUR) , np 3243 and tRNA Lys np 8344 using point mutation-specific polymerase chain reaction (PCR) as previously described (Miinscher e: al., 1993b; Rieger et al., 1993) .
The following primers were used: (i) common deletion: forward primer (8.260-8.280, TACCCTATAGCACCC-CCTCTA), reverse primer (13.795-13.775, TTAGGTAGAGGGGGATTGTTG); (ii) point mutation 3.243 (A-G): forward primer (3.006-3.024, TCCCG-ATGGTG-CAGCCGCT), reverse primer (3.265-3.243, AGTTTTAT-GCGATTACCGGCC); (iii) point mutation 8.344 (A-G): forward primer (8.260-8.280, TACCCTATAG-CACCCCCTCTA), reverse primer (8.372-8.344, GGGGCATTTCACTTGTAAA-GAGGTGTT-GGC). The mutated nucleotides are underlined.
The reactions were carried out in a Perkin-Elmer Cetus DNA thermal cycler (35 cyles). From each reaction, 5 (il were loaded onto a 1% agarose gel. The identity of the amplified PCR fragments was proven by restriction and endonuclease digestion.
Results

Morphology
Most preovulatory oocytes were surrounded by layers of cumulus cells which occasionally permeated the zona pellucida. In both age groups, the oocytes showed an inconspicuous ultrastructure as previously described (Sathananthan et al, 1986) . The cytoplasmic constituents were uniformly distributed within the cytoplasm and consisted of mitochondria, smooth endoplasmic reticulum (SER), Golgi complexes, annulate lamellae, lysosomes and multi vesicular bodies. Near the surface of the oocytes, cortical granules were found in various amounts and there were microvilli projecting from the oocyte surface into the perivitelline space ( Figure 1A) . Occasionally, the SER was dilated and formed irregular vacuoles. Most oocytes were in metaphase II of meiotic maturation, having extruded the first polar body ( Figure IB) . The mitochondria were usually spherical or oval and had a dense matrix with few traverse lamellar cristae. Occasionally, the mitochondria were associated with dilated vesicles of the SER. Especially in the older age group, the occurrence of larger mitochondrial profiles was noteworthy (Figure 2A ). Paracrystalline inclusions were not observed.
Cytochemistry
The ultracytochemical demonstration of cytochrome-c-oxidase revealed a pattern of polymerized DAB deposited over the cristae with slight diffusion of the reaction product. Mitochondria lacking cytochrome-c-oxidase activity could not be discerned ( Figure 2B ). Immunocytochemistry of cytochrome-coxidase also revealed a specific labelling of the mitochondria with antibodies against the mitochondrially derived subunits II/III (data not shown) and the nuclear coded subunit Vab ( Figure 3A) , as well as for complex III with a holo antibody (data not shown). However, compared with heart mitochondria ( Figure 3B ), the labelling intensity was rather low. 
Morphometric analyses
When the different morphometric parameters were correlated with age, the following results were obtained: (i) profile area of mitochondria, r = 0.43, P <0.008 ( Figure 4) ; (ii) number of mitochondria/unit profile area of the ovum, r = 0.29, P <0.01; (iii) number of mitochondria/unit volume of the ovum, Morphometric analyses revealed an increase in the mitochondrial profile area from 0.074 to 0.101 per \im 2 (age 31-40 years), the difference being statistically significant (Table I) . The higher prevalence of larger mitochondrial profiles in the older age group is also well demonstrated in Figure 5 . There was a statistically significant increase in the numerical density per unit profile area from 7.36 (per um 2 ) to 10.74 (per unr). Similarly, an increase in the numerical density of mitochondria per unit volume (per |im 3 ) was noted between the age groups (P <0.001, Table I ). The volume fraction of mitochondria was also significantly increased in the fourth decade (P <0.05). Figure 5 . Histogram showing the relative frequency of mitochondrial profile area in age group 1 (27-30 years) and age group 2 (31-39 years). With increasing age there is a shift to larger profile areas. 
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Molecular genetic studies
PCR analysis of 14 oocytes from females aged 27-36 years did not reveal an accumulation of the 4977 bp deletion. Furthermore, there was no evidence of a point mutation in the tRNA 1^^1 *' at np 3243 or the tRNA 1^ np 8344.
Discussion
The present study reports on morphological, functional and molecular genetic data of mitochondria in females during the reproductive period. Variations in size, distribution and density
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of mitochondria generally relate to the particular energy requirements of the different cells. The mitochondria of oocytes are typically round or oval in outline. Compared to mitochondria of the heart and skeletal muscle, and even cumulus-corona cells surrounding the oocytes, they show only a few, sometimes arched cristae traversing an electron dense matrix. The cristae are of the lamellar type whereas the surrounding corona cells contain mitochondria with tubular cristae typical of steroidogenic cells (Motta et ai, 1989 ).
An increase in mitochondria is seen in maturing oocytes (mouse: Nogawa et al., 1988; Drosophila: Tourmente et ai, 1988) which in mice are typically concentrated in small foci (Calarco, 1995) and tend to rearrange from a more peripheral to a more central distribution during maturation (Grondahl et ai, 1995) . In addition, the number and size of mitochondria in mice has been reported to decrease with age both in primary and maturing oocytes (Narita, 1995) . However, an ultrastructural morphometric analysis was not performed in these studies. We performed morphometric analysis of oocyte mitochondria in 36 women aged 27-39 years. For the calculation of numerical density of mitochondria per unit volume (N v ), we used an algorithm proposed by David et al. (1981, see methods) derived from the field of model-based stereology. Since the morphometric evaluation was performed retrospectively and at the electron microscopic level, the sampling schemes for designed-based stereology could not be applied in a practical way.
The results revealed an age-related increase in the mitochondrial profile area from a mean of 0.74 (j.m 2 up to 30 years of age to a mean of 0.101 |im 2 in the 31-40 year old age group, and also an increase in numerical density (per |im 2 ) from 7.36 to 10.74 at a more advanced age. The volume fraction of mitochondria also differed significantly between the two age groups. Structural changes in mitochondria have not been noted.
Morphological alterations of mitochondria are typical features observed in mitochondrial myopathies and, besides structural alterations, an increase of the mitochondrial volume is most conspicuous. It is generally assumed that the accumulation of mitochondria represents a compensatory phenomenon to guarantee sufficient production of ATP in the case either of increased demand or of insufficient production due to a respiratory chain defect. The pathogenetic mechanisms underlying the increase of the mitochondrial volume are, however, still unclear.
Structural alterations of mitochondria and changes of mitochondrial volume have been reported in different species and various organs during ageing (for review see Miiller-HScker, 1992a) . On the whole, these alterations are not specific and include ruptures of cristae, vacuolization of the matrix, deposits of myelin figures and glycogen, paracrystalline inclusions as well as the occurrence of giant mitochondria. The results of morphometric analyses of the mitochondria are particularly heterogeneous.
In the muscle cells of the heart of various species including man, the total mitochondrial volume remains approximately constant during ageing. However, the number of mitochondria appears to become increased and the size of the individual mitochondria to become decreased, whereas in the skeletal muscle of man an increase in the total mitochondrial volume is known to occur at least in individual fibres. An increase of the total mitochondrial volume is also seen in human hepatocytes (Tauchi and Sato, 1978) . This increase is mainly due to an increase in individual size, whereas the number of mitochondria rather decreases.
Previous cytochemical studies of the respiratory chain in limb muscle, diaphragm, extraocular and heart muscle have revealed an age-related increase in defects of cytochrome-coxidase (Muller-HScker, 1989 , 1990 MUller-H6cker et al, 1992a) . Similar defects have also been detected in epithelial tissue including the parathyroids (Muller-HScker, 1992b; MUller-HScker et al, 1996a) . Most interestingly there is a mosaic of respiratory competent and incompetent cells/muscle fibres in these tissues during ageing, and the defect density varies from organ to organ. Since biochemical methods are less well suited for the study of single cells we used a cytochemical/immunocytochemical approach for the analysis of the respiratory chain enzyme complexes. In accordance with the negative molecular genetic results (see below) defects of the respiratory chain complexes m, IV were not observed either cytochemically or immunocytochemically.
In comparison with heart muscle mitochondria, the mitochondria of human oocytes exhibited much lower staining intensities both for cytochrome-c-oxidase activity and for cytochrome-c-oxidase protein. These differences clearly reflect the different structural composition of the organelles in these tissues.
It is now well established that, during ageing, mutations of the mitochondrial DNA occur in various permanent tissues including skeletal and heart muscle and brain as well as the liver and other tissues (see introduction). These deletions are of different sizes (up to ~8 kb). The so-called 'common deletion' of ~5 kbp has been most frequently analysed. Apart from deletions, point mutations in the tRNA Leu(UUR) and the tRNA Lys as well as point mutations in other tRNAs have been detected Mlinscher et al, 1993a,b) . Multiple deletions (Yamamoto et al, 1992; Zhang et al, 1993) and various point mutations (MUnscher et al, 1993b) may even coexist in the same tissue. However, it is still unclear whether these mutations coexist in the same cell or even in the same mitochondrion. Up to 100 different deletions and more than 40 point mutations of mtDNA have been identified (Schon et al, 1994; Wallace, 1995; Wallace et al, 1995) although the total load of mtDNA mutations in ageing tissues remains unknown at the moment. The highest levels of the common (5 kb) deletion have been observed in the heart and the brain of individuals >80 years, reaching 7-9% in the heart Sugiyama et al, 1991) and 11-12% in the putamen (Corral-Debrinski et al, 1992) . Generally the common deletion affects ~0.1-2% of total mtDNA during ageing. In most tissues, the accumulation of mutated mtDNA commences at 30-40 years of age. Cortopassi and Arnheim (1990) reported an absence of mutations of mtDNA in fetal tissue; however, Linnane et al (1992) were able to detect them after 60 PCR cycles.
956
In ageing tissues, free-radical damage, in particular to mtDNA lipids and to the proteins of the respiratory chain, has been assumed to play an important role in deteriorating mitochondrial function (Fleming et al, 1982; Linnane et al, 1989; Kadenbach and Muller-Hocker, 1990; Miquel, 1991; Harman, 1993; Kadenbach et al, 1995) . This has been attributed to the increased vulnerability of mtDNA. It is generally assumed that mtDNA fixes mutations ~ 10-20 times faster than nuclear DNA. This is probably due to the lack of histone protection as well as insufficient repair mechanisms (Bandy and Davison, 1990; Shigenaga*?/a/., 1994; Esser and Martin, 1995) .
In fact, there is evidence of increased oxygen radical production in the mitochondria, especially during ageing (Nohl, 1982 (Nohl, , 1986 Richter et al, 1988) and of increased radical damage of mitochondrial DNA as revealed by the accumulation of 8-hydroxydeoxyguanosine, a hydroxyl-radical adduct of deoxyguanosine, in human limb and heart muscle (Hayakawa et al, , 1992 .
In-situ hybridization and PCR studies have revealed that mutated mtDNA molecules accumulate in respiratory-deficient cells/muscle fibres (Mita et al, 1989; Shoubridge et al, 1990; Collins et al, 1991; Muller-HScker et al, 1992b , causing the enzyme to become defective when the amount of mutated DNA reaches a threshold of ~6O-90% of the total DNA (Chomyn et al, 1991; Hayashi et al, 1991; King et al, 1992) .
The molecular genetic studies so far performed on isolated oocytes and on ovaries have led to both similar and divergent conclusions, which may reflect differences in the study design. Our results confirm and extend those of Kitagawa et al. (1993) , Suganuma et al. (1993) and Keefe et al. (1995) , that deletions are not common in young women. In these studies, the common deletion occurred preferentially at >40 years of age. In the study by Kitagawa et al. (1993) , 80-100% of the patients aged >45 years had deleted mtDNA in the ovaries, amounting to 4.5% of total mtDNA whereas only one of eight patients <40 years of age harboured the deletion. Similarly, Keefe et al. (1995) , confirmed the age-related occurrence of the common deletion. The patients with a common deletion had a mean age of 37.7 ± 0.8 years whereas the group without the deletion had a mean age of 31.38 ± 0.95 years, corresponding with our study group (34.8 ± 0.6 years), in which the common deletion was also not detected. Because women aged >40 years are not included in our in-vitro fertilization programme, the age distribution for our study was limited to the younger cohort.
Methodological influences may also be of importance for the different results. In the present study, as in previous investigations, 35 PCR cycles were used for the detection of the mtDNA mutations. In contrast, the studies of Chen et al. (1995) and Keefe et al. (1995) applied 50-60 PCR cycles. It is well known that by 60 PCR cycles even fetal tissue may show PCR products (Linnane et al, 1992) .
Finally the results may be influenced by the study design. In our study, to exclude any selectional bias, freshly prepared supernumerary oocytes not exposed to spermatozoa were used. In the studies of Keefe et al (1995) and Chen et al. (1995) oocytes which remained unfertilized in vitro were analysed.
Since it is likely that defective mitochondrial function would interfere with fertilization it cannot be excluded that mutations of mtDNA are over-represented in these studies.
We further analysed point mutations of mtDNA at nt 3243 and 3844 which have also been found in ageing tissues, even in combination with the common 5 kb deletion (MUnscher et al, 1993b; Zhang et al, 1993; Kadenbach et al, 1995) . The fact that the point mutations also were undetectable further emphasizes that mutations of mtDNA are not prevalent in functional oocytes of women at ~30 years of age.
In summary, in the human oocyte we have found an age-related increase in the numerical density (numbers of mitochondria per (im 2 and per (j.m 3 ) and also of the mitochondrial profile area (Jim 2 ) leading to an increased volume fraction of mitochondria in the fourth decade. The pathophysiological significance of the increased mitochondrial mass is difficult to evaluate. The composition of the inner mitochondrial membrane changes with age due to loss of cardiolipin and of unsaturated fatty acids as well as from an increase of cholesterol (for review see Shigenaga et al, 1994) . This leads to a decreased fluidity of the inner membrane, which may impair oxidative phosphorylation by altered proton conductance and could induce mitochondrial proliferation. However, there was no link between this phenomenon and accumulations of mutations of mtDNA or functional defects of the respiratory chain complexes HI, IV in mature oocytes of women of reproductive age.
